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Femtosecond lasers (FSL) are playing an increasingly important role in materials research, characterization, and
modification. Due to an extremely short pulse width, interactions of FSL irradiation with solid surfaces attract special
interest, and a number of unusual phenomena resulted in the formation of new materials are expected. Here, we
report on a new nanostructure observed after the interaction of FSL irradiation with arrays of vertically aligned
carbon nanotubes (CNTs) intercalated with iron phase catalyst nanoparticles. It was revealed that the FSL laser
ablation transforms the topmost layer of CNT array into iron phase nanospheres (40 to 680 nm in diameter) located
at the tip of the CNT bundles of conical shape. Besides, the smaller nanospheres (10 to 30 nm in diameter) are
found to be beaded at the sides of these bundles. Some of the larger nanospheres are encapsulated into carbon
shells, which sometime are found to contain CNTs. The mechanism of creation of such nanostructures is proposed.
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Ultrafast lasers are playing an increasingly significant
role in materials research, characterization, and surface
morphology modification due to a number of unex-
pected phenomena and formation of new structures. For
the past 10 years, being the leading material in semi-
conductor and photonic industries, silicon has attracted
majority of interest and the modification of its surface
morphology in different environments using the fem-
tosecond laser (FSL) irradiation has been intensively
studied [1-9].
The initial discovery was made when a polished silicon
surface was transformed into a forest of quasi-ordered
micrometer-sized conical structures upon exposure to
several hundred FSL pulses in an atmosphere containing
sulfur hexafluoride (SF6) [10,11]. These conical structures* Correspondence: prudnikova@bsuir.by
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in any medium, provided the original work is pcould trap a large quantity of sulfur doping the semicon-
ductor at a concentration that was well above the solubil-
ity limit. The confluence of these chemical and structural
changes has yielded a unique new material with novel op-
tical properties that have never been observed. This ma-
terial absorbed about twice as much of visible light as
compared to normal silicon and had the ability to detect
infrared light that is invisible to the current generation of
silicon detectors; also, it possessed significant advantages
in detection, imaging, and power generation applications
[3,9,12-14]. Lately, various morphology and property
changes were reported that have resulted from the FSL ir-
radiation with different varieties of ambient, including
various gaseous, as well as vacuum, liquid, water, and air
[2,5,6,15-17].
Over the past two decades, carbon nanotubes (CNTs)
have attracted a lot of attention due to their exceptional
properties [18,19], and as it is expected, potentially, they
can replace silicon in the emerging nanoelectronics and
nanophotonics.
Hence, investigating the interaction of FSL irradiation
with CNTs would represent a great interest. The firsts an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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while studying the light interaction with fluffy arrays of
single and multiwall CNTs containing metal (Fe) catalyst
nanoparticles using a photoflash [20-24]. Photoacoustics
and ignition have been observed in these arrays. The
mechanism of ignition was attributed to the light absorp-
tion by CNTarrays due to the black body effect that gener-
ated rapid increase in temperature. As a result, a chain
oxidation reaction of CNTs and metal nanoparticles was
initiated which caused ignition; as a result of which,
nanoparticles containing Fe2O3 and Fe3O4 [24] or C, O, Si,
and Fe [23,24] were produced. The most important result
of this investigation was that the metal nanoparticles are
playing significant role in the deposited energy absorption.
A number of investigations were performed with the
laser irradiation of arrays of dense vertically aligned
CNTs which have been pursuing the aim of pattering
the arrays in order to obtain the configurations of some
devices. This process is known as laser pruning [25],
burning [26], or laser machining [27]. The lowering of
the nanotube density and formation of nanotube junc-
tions and nanoparticles via laser surface treatment were
well reported [25-27]. To our best knowledge, only in
few works, the femtosecond laser pulses were used for
CNT treatment, for example [27,28], while in the rest
continuous irradiation of the gas or solid state lasers was
utilized [25,26,29,30]. What is important is that in all
aforementioned studies, CNT arrays were synthesized by
different chemical vapor deposition (CVD) methods, ei-
ther thermal, hot filament, or plasma enhanced, but in
all of them, the localized on the substrate catalysts (Fe
or Al/Fe) were used. As a result of this technology
utilization, the CNT arrays did not contain metal catalyst
nanoparticles. This situation determines the interaction
process itself and the obtained products of interaction
and could be considered as the simplest case of the laser
irradiation interaction with the CNT arrays.
In the present work, we investigate for the first time
the interaction of femtosecond laser irradiation with the
arrays of vertically aligned carbon nanotubes intercalated
with the ferromagnetic (Fe phase) nanoparticles. The
presence of metal nanoparticles in CNT array, as it was
shown in [20-23], plays the important role in the energy
absorption by the array. The importance of the present
investigation is defined by the possible applications of
the obtained results. The arrays of CNTs with the inter-
calated ferromagnetic nanoparticles, so called magnetic-
ally functionalized CNTs (MFCNTs) [31,32], may be
considered as an ideal medium for different magnetic
applications. They can be used as sensors, sensitive ele-
ments of magnetometers, magnetic filters, ferrofluids,
xerography, magneto-resonance imaging, magnetic hy-
pothermia, and biomedical applications. The superior
application of oriented MFCNT arrays can be in asphere of magnetic write/read heads and high-density
data storage devices [33-36]. The FSL irradiation may
become an instrument for the machining of the men-
tioned devices based on the arrays of MFCNTs.
In particular, in the present work, we investigate the
surface morphology modification of the vertically aligned
MFCNTs upon FSL irradiation and properties of the
products obtained after irradiation and develop the me-
chanism of the interaction of FSL with such complicated
media as the arrays of MFCNTs.
Methods
CNT arrays were synthesized on Si substrates by the
floating catalyst CVD via a high-temperature pyrolysis of
the xylene/ferrocene solution injected into the reaction
zone of quartz reactor. In our particular case, the con-
centration of ferrocene in the solution was 10%; the
temperature in the reaction zone was 875°C, and the
process duration was 30 s. Obtained as a result of ferro-
cene decomposition, Fe phase nanoparticles serve as
catalyst for CNTs growth. During the growth process,
these nanoparticles are intercalating into CNT arrays
and are considered as fillers of CNTs.
The morphology of the CNT arrays before and after the
FSL irradiation was investigated by scanning electron mi-
croscopy (SEM) (Hitachi S-4800 FE-SEM, Chiyoda-ku,
Japan). For Raman measurements, Renishaw micro-
Raman Spectrometer (Series1000, Renishaw, Wotton-
under-Edge, UK) with laser beam of 1.5 mW incident
power and 514 nm wavelength was used. The structure of
CNTs was characterized by transmission electron micros-
copy (TEM, JEM 100-CX, JEOL) and a high-resolution
TEM (JEM-2010, JEOL Ltd., Akishima-shi, Japan). For
X-ray diffraction analysis (XRD), DRON-3 diffractometer
(Bourevestnik, Inc., Maloochtinskiy, Russia) was used; the
local configurations of iron ions of CNTs fillers were ex-
amined with Mössbauer spectroscopy (spectrometer
MS2000 with Fe/Rh source, 40 mCu). Elemental analysis
was made by energy-dispersive X-ray spectroscopy (EDX)
(SUPRA-55WDS with the EDX prefix, Carl Zeiss, Inc.,
Oberkochen, Germany).
The FSL irradiation was performed in ambient atmos-
phere with laser scanning microscope (Zeiss LSM 510
NLO based on Zeiss Aviovert 200 M inverted research
microscope). This setup is equipped with femtosecond
titanium-sapphire laser (Spectra-Physics Tsunami, Santa
Clara, CA, USA) delivering 100 fs pulses at a wavelength
of 790 nm with 82 MHz repetition rate. The energy of a
single pulse was 15 nJ. The laser beam was then focused
by Zeiss Plan-Neofluar 40x/0.75 objective and formed a
spot with 1.2 μm in diameter on the sample surface. The
beam was attenuated with an acoustic-optical filter to
the energy level of 6.25nJ per pulse at the focal plane of
the microscope objective. The investigated samples were
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glass. CNT array treatment was achieved by scanning
line-by-line at 512 lines per scan resolution. The scan
speed was about 145 mm/s. The dimension of the scan
area could be varied from 230 × 230 μm to 30 × 30 μm.









































































Figure 1 Characteristics of the obtained CNT array grown on Si subst
the CNTs channels (1) and walls (2). (c) HRTEM image of a multiwall CNT w
(f) Mössbauer spectrum.greater to the required Nyquist criterion to ensure the
focal spot overlaps between neighboring lines. Three-
dimensional scanning is achieved with a built-in Z-axis
drive. The step of Z-axis was chosen to be 1 μm, again
to ensure the spatial overlapping of the focal spot bet-














































rate. (a) Morphology (SEM). (b) TEM image of CNTs with the filler in
ith the filler in its channel. (d) Raman spectrum. (e) XRD pattern.
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The characteristic morphology and composition of the
obtained CNT array as well as the CNT structure are
depicted in Figure 1a,b,c,d,e,f. Figure 1a shows the SEM
image of the synthesized dense vertically aligned CNT
array. Figure 1b,c shows the TEM images of the synthe-
sized CNTs which are found to be multiwall, with outer
diameters of 12 to 70 nm. From Figure 1b, it is seen that
some CNTs are filled with nanoparticles (1) in the
channels of CNTs and (2) in between their walls.
Figure 1d corresponds to the Raman spectrum collected
from the sample which contains D peak (approximately
1,358 cm−1) arising from the structural disorder and G
peak (approximately 1,584 cm−1) common to all sp2 car-
bon forms. The ratio of intensities IG/ID = 2.47 testifies
that CNTs are well crystallized and have low defect con-
centration. The XRD pattern in Figure 1e shows that the
CNT array contains graphite (002) with a rhombohedral
structure [37] (ICDD card no. 75–2078, PCPDFWIN),
which is a characteristic of CNTs. Besides, the XRD pat-
tern exhibits a series of peaks corresponding to Fe phase
(including carbides): Fe3C and Fe5C2. Analysis of the
XRD result reveals that carbide Fe3C with an ortho-
rhombic structure (space group Pbnm) dominates over
the other phases of nanocomposite (approximately 90%)
[32,38]. The Mössbauer spectrum collected in transmis-
sion geometry at room temperature is shown in Figure 1f,
and the hyperfine parameters (subspectra) are summa-
rized in Table 1. It has been specified that these states of
iron are fcc γ-Fe, bcc α-Fe, and Fe3C. However, the
spectrum does not reveal the state of Fe5C2 but instead
the doublet of FeC2. This discrepancy can be attributed
to the difference in sensitivity between the two methods.
A SEM image of the FSL irradiated area of CNT array
is presented in Figure 2. The size of the irradiated zone
is 200 × 200 μm2 (Figure 2, inset). It can be observed that
upon the FSL irradiation, a square cavity of approximately
10 μm in depth was created. Nanoparticles of spherical
shape were found at the bottom of the cavity located at
the tips of conical shape CNT bundles. It is more promin-
ent to observe these nanostructures at the walls of the cav-
ity (indicated as ‘1’ in Figure 2). Also, some of these
nanospheres (indicated as ‘2’ in Figure 2) are found to be
sited slightly away from the irradiated area.Table 1 Hyperfine parameters of the Mössbauer spectrum
shown in Figure 1f
Subspectrum δ ΔЕ Нeff Contribution Phase
(mm/s) (mm/s) (T)
Singlet С −0.13 0 - 20 γ-Fe
Doublet D 0.20 0.52 - 13 FeC2
Sextet S1 0.17 0 20.6 54 Fe3C
Sextet S2 −0.06 −0.03 32.6 13 α-FeIn Figure 3a, the SEM image of the irradiated area is
presented. It is seen that the nanospheres found at the
tips of the CNT bundles (1,2) generally have a larger di-
ameters, while those that are found to be beading the
CNT bundles (3) have the smaller ones (approximately
10 to 30 nm). From Figure 3a, it is clearly seen that
there are two types of larger nanospheres. Some of them
are enveloped by the shells of a very complicated struc-
ture (2), whereas others do not have shells (2).
In Figure 3b,c, the quantitative analysis on the size dis-
tribution of the nanospheres of type (1, 2) is presented.
It is seen that these nanospheres have a wide radius dis-
tribution (20 to 340 nm) with predominant radius in the
range of 30 to 70 nm.
The TEM images are presented in Figure 4a,b,c. In
Figure 4a, it can be seen clearly that some of the
nanospheres are encapsulated within a shell (1), while
some are not (2). Besides, the diameters of CNTs at-
tached to the nanospheres are found to be smaller
(approximately 5 nm), as compared to CNTs before laser
irradiation (Figure 1b). Smaller nanospheres can also be
seen attaching to the outer walls of CNTs (3). Figure 4b
represents big size nanospheres covered by the shell (1),
which contains some inclusions (2) and a number of
easily recognized CNTs (3), whereas in Figure 4c, the
magnified image of the nonencapsulated nanosphere is
shown.
The EDX spectroscopy was employed in order to ob-
tain a general overview of element distribution in the
formed structure (Figure 5a,b,c,d). To have a better un-
derstanding within the nanostructure, partial of the
CNT array was removed with a high-intensity FSL beam.
The corresponding EDX image of the investigated area
is shown in Figure 5a. In this figure, dark blue region
corresponds to Si substrate, blue corresponds to CNTs,
and green represents the nanospheres. Figure 5d shows
the EDX spectrum demonstrating signals of Si, O, Fe,
and C.
The in-depth quantitative analysis of the elemental
composition within the nanosphere was obtained with a
localized EDX analysis across its diameter with a 30-nm
diameter electron beam spot. In Figure 5b, ten scanning
spots across a 600-nm diameter nanosphere are depicted
and in Figure 5c, the corresponding EDX analysis plot. It
is shown that the composition near to the core of the
nanosphere (between 160 and 380 nm of distance) has a
higher content of Fe and O as compared to the outer
layer of the nanosphere, where C and Si contents are
higher. This fact testifies that the nanosphere compo-
sition is mainly Fe and O.
Discussion
The removal of the topmost layer of the CNT array and
the creation of a cavity upon the FSL irradiation are
12
Figure 2 Surface morphology of the FSL irradiated area of the CNT array (SEM). (1) Nanospheres located at the tips of the CNT bundles.







Figure 3 SEM images of the nanospheres and their quantitative size distribution. (a) An image of the nanospheres (SEM). (1) A nanosphere
without a shell. (2) A nanosphere with the attached CNTs (might be covered with a shell), and (3) the nanospheres beading the CNT bundles.
(b) Representative grouping of the nanospheres. (c) Corresponding size distribution.













Figure 4 TEM images of the nanospheres in contact with CNTs in the irradiated area. (a) Nanospheres of larger diameter with (1) and
without (2) shells found at the tip of the thinned CNTs, and (3) nanospheres of smaller diameter beading CNTs. (b) Enlarged view of the
nanosphere encapsulated into the shell (1) containing some inclusions (2) and CNTs (3). (c) The nanospheres without shells.
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lation process includes the absorption of optical radi-
ation by bound and free electrons of the material, energy
transfer to the lattice, bond breaking, followed by eva-
poration of the material in a form of atoms or ions, and
vapor expansion into an ambient gas. Usually, weaka
d
Figure 5 EDX spectroscopy data on the composition of the FSL-irradi
area. (b, c) Element distribution along the diameter of the nanosphere. (d)plasma is formed over the irradiated surface. The sput-
tered particles, upon losing energy, aggregate into clus-
ters of different sizes, charges, and kinetic energies.
These resulting clusters can be either carried away from
the reaction zone or re-deposited back onto the target




ated CNT array on Si substrate. (a) EDX image of the investigated
EDX spectrum.
Figure 6 Schematic of the proposed mechanism of the interaction of the FSL irradiation with CNT arrays.
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ter has been proposed.
Here, we propose a basic scheme of formation of the
cavity with the observed nanostructures as a result of
the interaction of FSL irradiation with the arrays of the
vertically aligned CNTs intercalated with Fe phase cata-
lyst nanoparticles. Figure 6 shows the schematic of the
proposed mechanism.
In our case, the CNT array represents the target for
ablation that consists of two materials, i.e., graphitic
CNT walls and various iron phase intercalated within
the CNT channels and walls (Figure 6 (1)). Once the ab-
lation threshold is reached, the topmost layer starts to
ablate away, i.e., both CNTs and the Fe phase nano-
particles. The ablation of the two materials (C and Fe)
occurs since the energy density even of a single pulse
(0.48 J/cm2) exceeded both of the reported ablation
thresholds of various carbonaceous materials (multiwall
CNTs, 0.046 J/cm2 [39]; single wall CNTs, 0.05 J/cm2
[40,41]; graphite, 0.13 J/cm2 [42]; graphene, 0.20 J/cm2
[43]); and the ablation threshold of iron, 0.18 to
0.19 J/cm2 [44,45]. The gradual ablation of the CNT
array leads to the formation of the cavity of approximately
10 μm depth. This ablation process of the C-Fe target is
rather complicated since two distinct materials are being
subjected simultaneously to multiple ultrashort laser
pulses during 3D scanning. It was found that the mechan-
ism of solid ablation by the intense FSL irradiation is es-
sentially the same [46]. Usually, at atmospheric pressure,
the ablation process occurring near to the threshold is al-
ways initiated by the ultrafast melting (bonds breaking) of
the material, which applies for iron. However, as it was
shown by Jeschke's group [47], graphite has the unique
property of exhibiting two distinct laser-inducedstructural instabilities. At high absorption energies re-
gime (>3.3 eV/atom), nonequilibrium melting occurs
that is followed by a fast evaporation. For low intensities,
slightly above the damage threshold (>2.0 eV/atom), abla-
tion occurs via removal of intact graphite sheets. Taking
into account that the energy density of a single pulse
equals to F1 = 0.48 J/cm
2, we calculated the absorbed en-
ergy per atom E0 using the equation [48]:
F1 ¼ eE0nad1−R−T ; ð1Þ
where e is the Coulomb constant, na is the atomic density,
d is the penetration depth of the light, R = 0.3 is the re-
flectivity, and T = 0 is the transmission of the material
which were assumed to be as for graphite [48]. The pene-
tration depth was calculated using the Drude formula d =
λ/4πk with the wavelength of 790 nm and extinction coef-
ficient k = 1.5 as for graphite [42]. It has been estimated
that the atomic density of our CNT arrays is approxi-
mately na = 7.52 × 10
21 atoms/cm3 which is lower than
that of the graphite (na = 1.76 × 10
23 atoms/cm3). The cal-
culated value of the absorbed energy per atom even for a
single pulse, E0 = 66.95 eV/atom, is much higher than
those mentioned in [47] which implies that CNTs in these
conditions are burnt instantly.
As a result of C and Fe ablation, localized weak plasma
is formed over the irradiated surface (Figure 6 (2)). Both
substances exist in their plasma state for a short period
of time, while Fe undergoes a rapid condensation and
aggregates into spherical clusters (thermodynamically
the most favorable shape).
The energy density of the FSL beam, as it is shown in
Figure 6, reduces along the depth of CNT array in the
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as ‘II’), the energy is not sufficient for the CNT covalent
bonds breaking and complete CNTs ablation. Only some
of the external walls of the multiwall CNTs are ablated,
and this leads to the thinning of the CNTs. The bundling
of thinned CNTs into the cones can mainly be caused by
the Van der Waals force or/and the magnetic interaction
of Fe phase nanoparticles. The Fe phase inclusions lo-
cated in between the CNT walls most probably have not
undergone the complete evaporation but have been sub-
ject to a quick melting and resolidification; this led to
the formation of smaller nanospheres beading the con-
ical shape of CNT bundles (Figure 6 (3)).
Noteworthy that the Fe phase transformations occur in
the presence of carbon atoms and though conditions are
quite similar to the floating CVD method, one can sup-
pose that Fe particles can serve as a catalyst for the forma-
tion, during the cooling process, of graphitic architectures
(shells), covering the iron phase nanospheres. The shells
sometime contain CNTs, (Figure 4a,b, Figure 6 (4)). Be-
sides, it was reported that multiwall CNTs and onions had
been obtained from graphite in vacuum at 7.5 J/cm2 FSL
fluence with the estimated growth time of 1 to 2 ns [49].
Similar to the case of CNTs synthesis process, due to the
stochastic process, not all of the catalyst particles facilitate
the growth of graphitic shells.
The iron phase nanospheres (with and without shells),
after their creation during the first FSL scans, freeze and
deposit on the surface of the irradiated area, while some
of them are sited slightly away (Figure 2).
During 3D scanning, the Fe-phase nanoparticles that
are sited nearer to the tip of the CNTs (labeled as ‘I’ in
Figure 6) would undergo the evaporation process each
scan, cluster and re-deposit back mostly on the tips of
the CNT conic bundles (Figure 1).
The gradual step-by-step ablation leads to coalescence
and increase in the diameter of the nanoparticles formed
during the first FSL scans. At a certain diameter of
nanospheres, due to Gaussian distribution of laser inten-
sity, the incident energy might be not enough to evapor-
ate the nanospheres completely and they undergo
melting instead. Being in a liquid state, they wet the sur-
rounding CNTs. Once the FSL irradiation is stopped,
they freeze together forming the observed Fe phase
nanosphere/conical CNT bundle nanostructures (Fe/CNT
nanostructures), while the graphitic shells (if any) of a very
complicated structure (Figure 3a) are being extruded
during their cooling (Figure 6 (4)).
This scenario of the Fe/CNT nanostructure shape for-
mation is the most realistic because it clearly explains
why in most cases Fe nanospheres are located directly
on the tips of the CNT cones. It is worth mentioning,
however, that at the beginning, the electrostatic forces
between CNTs are responsible for the formation of theCNT cones structure because sometimes the nanospheres
are too small to be able to link the nearby CNTs just by
wetting, which was observed in other works also [25].
The described mechanism is the most realistic due to
another reason since there is no clear periodicity of the
shape of the Fe/CNT nanostructures like, for example,
in the case of ‘black silicon’ where the cone formation is
governed by the initial ripple creation with the wave-
length close to the central wavelength of the incident
laser [7].
Conclusions
In the present work, we investigated for the first time
the interaction of FSL irradiation with the arrays of ver-
tically aligned carbon nanotubes intercalated with the
ferromagnetic (Fe phase) nanoparticles. The presence of
metal nanoparticles in CNT array plays the main role in
the energy absorption by the array. As a result of such
interaction, a novel composite nanostructured material
was obtained. This nanomaterial consists of tiny Fe
phase nanospheres attached to the tips of the CNT bun-
dles of conical shape. We designated this material as Fe
phase nanosphere/conical CNT bundle nanostructures.
The mechanism of such nanostructure formation was
proposed. The importance of the present investigation is
defined by the possible applications of the obtained
results. The arrays of CNTs with the intercalated ferro-
magnetic nanoparticles, i.e., MFCNTs, may be considered
as an ideal medium for different magnetic applications.
The FSL irradiation may become an instrument for the
machining of the mentioned devices based on the arrays
of MFCNTs. Moreover, one could expect that the
obtained nanostructures would possess new optical prop-
erties which would find applications in photovoltaics and
plasmonics.
Abbreviations
CNT: Carbon nanotube; CVD: Chemical vapor deposition; EDX
spectroscopy: Energy-dispersive X-ray spectroscopy; Fe/CNT
nanostructures: Fe phase nanosphere/conical CNT bundle nanostructures;
FSL: Femtosecond laser; SEM: Scanning electron microscopy;
TEM: Transmission electron microscopy; XRD: X-ray diffraction.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
VL coordinated the study, analyzed the data, and contributed to the
manuscript preparation. AP synthesized the CNT arrays, performed structural
analyses of the samples, analyzed the experimental results, and contributed
to the manuscript preparation. SB carried out the femtosecond laser
irradiation of the CNT arrays and analyzed the data. SF performed EDX study
of the irradiated CNTs. BS and BKT analyzed the data and contributed to the
manuscript preparation. YS and AB carried out TEM and analyzed the data.
All authors read and approved the final manuscript.
Acknowledgements
We thank the Head of the Government Center ‘BelMicroAnalysis’
(scientific and technical center ‘Belmicrosystems’) V. Pilipenko for the access
to SEM facilities (Hitachi S-4800 FE-SEM). We are grateful to J. Fedotova and
Labunov et al. Nanoscale Research Letters 2013, 8:375 Page 9 of 10
http://www.nanoscalereslett.com/content/8/1/375K. Yanushkevich for providing Mössbauer spectroscopy and XRD diffraction
measurements of CNT arrays, correspondingly.
Author details
1Laboratory of Integrated Micro- and Nanosystems, Belarusian State
University of Informatics and Radioelectronics, P. Brovka St. 6, Minsk 220013,
Republic of Belarus. 2Laboratory of Optical Diagnostics, B.I. Stepanov Institute
of Physics of the National Academy of Sciences of Belarus, Minsk 220072,
Republic of Belarus. 3Laboratory of Hydrogen Energy, Institute of Heat and
Mass Transfer of the National Academy of Sciences of Belarus, Minsk 220072,
Belarus. 4School of Electrical and Electronic Engineering, Nanyang
Technological University, Singapore 639798, Singapore.
5Scientific-Manufacturing Complex Technological Centre MIET, K-498,
Moscow 103498, Russia.
Received: 28 June 2013 Accepted: 22 August 2013
Published: 3 September 2013
References
1. Crouch CH, Carey JE, Warrender JM, Aziz MJ, Mazur E, Génin FY:
Comparison of structure and properties of femtosecond and
nanosecond laser-structured silicon. Appl Phys Lett 2004, 84:1850–1852.
2. Shen M, Crouch C, Carey J, Mazur E: Femtosecond laser-induced
formation of submicrometer spikes on silicon in water. Appl Phys Lett
2004, 85:5694–5696.
3. Carey JE, Crouch CH, Shen M, Mazur E: Visible and near-infrared
responsivity of femtosecond-laser microstructured silicon photodiodes.
Opt Let 2005, 30:1773–1775.
4. Carey JE III: Femtosecond-laser microstructuring of silicon for novel
optoelectronic devices, PhD thesis. Harvard University Cambridge:
The Division of Engineering and Applied Sciences; 2004.
5. Crouch C, Carey J, Shen M, Mazur E, Genin F: Infrared absorption by
sulfur-doped silicon formed by femtosecond laser irradiation. Appl Phys
A: Materials Science & Processing 2004, 79:1635–1641.
6. Younkin R, Carey J, Mazur E, Levinson J, Friend C: Infrared absorption
by conical silicon microstructures made in a variety of background
gases using femtosecond-laser pulses. J of Appl Phys 2003,
93:2626–2629.
7. Tull BR, Carey JE, Mazur E, McDonald JP, Yalisove SM: Silicon surface
morphologies after femtosecond laser irradiation. MRS Bull 2006,
31:626–633.
8. Zhao J, Wang A: Rear emitter n-type passivated emitter, rear totally
diffused silicon solar cell structure. Appl Phys Lett 2006, 88:242102–242104.
9. Halbwax M, Sarnet T, Delaporte P, Sentis M, Etienne H, Torregrosa F,
Vervisch V, Perichaud I, Martinuzzi S: Micro and nano-structuration of
silicon by femtosecond laser: application to silicon photovoltaic cells
fabrication. Thin Solid Films 2008, 516:6791–6795.
10. Her TH, Finlay RJ, Wu C, Deliwala S, Mazur E: Microstructuring of silicon
with femtosecond laser pulses. Appl Phys Lett 1998, 73:1673–1675.
11. Her TH, Finlay RJ, Wu C, Mazur E: Femtosecond laser-induced formation
of spikes on silicon. Appl Phys A: Materials Science & Processing 2000,
70:383–385.
12. Carey JE III, Mazur E: Silicon-based visible and near-infrared optoelectric
devices. US Patent number 7057256. US: President & Fellows of Harvard
College; 2006.
13. Huang Z, Carey JE, Liu M, Guo X, Mazur E, Campbell JC: Microstructured
silicon photodetector. Appl Phys Lett 2006, 89:033506.
14. Myers RA, Farrell R, Karger AM, Carey JE, Mazur E: Enhancing near-infrared
avalanche photodiode performance by femtosecond laser
microstructuring. Appl Opt 2006, 45:8825–8831.
15. Wu C, Crouch C, Zhao L, Mazur E: Visible luminescence from silicon
surfaces microstructured in air. Appl Phys Lett 2002, 81:1999–2001.
16. Sheehy MA: Femtosecond-laser microstructuring of silicon: dopants and
defects, PhD thesis. Harvard University: The Department of Chemistry and
Chemical Biology; 2004.
17. Sheehy MA, Winston L, Carey JE, Friend CM, Mazur E: Role of the
background gas in the morphology and optical properties of
laser-microstructured silicon. Chem Mater 2005, 17:3582–3586.
18. Iijima S: Helical microtubules of graphitic carbon. Nature 1991, 354:56–58.
19. Saito R, Dresselhaus G, Dresselhaus S: Physical Properties of Carbon
Nanotubes. London: Imperial College Press; 1998.20. Ajayan P, Terrones M, De la Guardia A, Huc V, Grobert N, Wei B, Lezec H,
Ramanath G, Ebbesen T: Nanotubes in a flash-ignition and reconstruction.
Science 2002, 296:705.
21. Bockrath B, Johnson JK, Sholl DS, Howard B, Matranga C, Shi W, Sorescu D:
Igniting nanotubes with a flash. Science 2002, 297:192–193.
22. Braidy N, Botton GA, Adronov A: Oxidation of Fe nanoparticles embedded
in single-walled carbon nanotubes by exposure to a bright flash of
white light. Nano Lett 2002, 2:1277–1280.
23. Tseng SH, Tai NH, Hsu WK, Chen LJ, Wang JH, Chiu CC, Lee CY, Chou LJ,
Leou KC: Ignition of carbon nanotubes using a photoflash. Carbon 2007,
45:958–964.
24. Cataldo F: A study on the thermal stability to 1000°C of various carbon
allotropes and carbonaceous matter both under nitrogen and in air.
Fullerenes, Nanotubes, Carbon Nanostruct 2002, 10:293–311.
25. Lim KY, Sow CH, Lin J, Cheong FC, Shen ZX, Thong JTL, Chin KC, Wee ATS:
Laser pruning of carbon nanotubes as a route to static and movable
structures. Adv Mater 2003, 15:300–303.
26. Hung W, Kumar R, Bushmaker A, Cronin S, Bronikowski M: Rapid
prototyping of three-dimensional microstructures from multiwalled
carbon nanotubes. Appl Phys Lett 2007, 91:093121–093123.
27. Hong NT, Baek IH, Rotermund F, Koh KH, Lee S: Femtosecond laser
machining: a new technique to fabricate carbon nanotube based
emitters. J Vac Sci Technol B: Microelectron Nanometer Struct 2010,
28:C2B38.
28. Hu A, Peng P, Alarifi H, Zhang X, Guo J, Zhou Y, Duley W: Femtosecond
laser welded nanostructures and plasmonic devices. J Laser Appl 2012,
24:042001.
29. Singh G, Rice P, Hurst K, Lehman JH, Mahajan R: Laser-induced exfoliation
of amorphous carbon layer on an individual multiwall carbon nanotube.
Appl Phys Lett 2007, 91:033101–033103.
30. Bhandavat R, Feldman A, Cromer C, Lehman J, Singh G: Very high laser-
damage threshold of polymer-derived Si (B) CN-carbon nanotube
composite coatings. ACS Appl Mater Interfaces 2013, 5:2354–2359.
31. Mühl T, Elefant D, Graff A, Kozhuharova R, Leonhardt A, Mönch I, Ritschel M,
Simon P, Groudeva-Zotova S, Schneider C: Magnetic properties of aligned
Fe-filled carbon nanotubes. J Appl Phys 2003, 93:7894–7896.
32. Basaev A, Bokhonov B, Demidenko O, Labunov V, Makovetskii G, Prudnikova
E, Reznev A, Saurov A, Fedosyuk V, Fedotova YA: Synthesis and properties
of magnetically functionalized carbon nanotubes. Nanotechnol in Russia
2008, 3:184–190.
33. Gao Y, Bando Y: Nanotechnology: carbon nanothermometer containing
gallium. Nature 2002, 415:599. 599.
34. Winkler A, Mühl T, Menzel S, Kozhuharova-Koseva R, Hampel S, Leonhardt A,
Buchner B: Magnetic force microscopy sensors using iron-filled carbon
nanotubes. J Appl Phys 2006, 99:104905.
35. Mönch I, Leonhardt A, Meye A, Hampel S, Kozhuharova-Koseva R, Elefant D,
Wirth M, Büchner B: Synthesis and characteristics of Fe-filled multi-walled
carbon nanotubes for biomedical application. J Phys: Conf Ser 2007,
61:820.
36. Zhang X, Wen G, Huang S, Dai L, Gao R, Wang ZL: Magnetic properties of
Fe nanoparticles trapped at the tips of the aligned carbon nanotubes.
J Magn Magn Mater 2001, 231:9–12.
37. Joint Committee on Powder Diffraction Standards: International Center for
Diffraction data (JCPDS-ICDD), PCPDFWION, Version 2.00. Newtown Square;
1998.
38. Labunov VA, Shulitski BG, Prudnikava EL, Yanushkevitch KI: Structure,
composition and magnetic properties of carbon nanotubes doped by Fe
during the growth process. J Phys: Conf Ser 2008, 100:052095.
39. Hashida M, Shimizu S, Sakabe S: Carbon-nanotube cathode modified by
femtosecond laser ablation. J Phys: Conf Ser 2007, 59:487.
40. Guo SX, Ben-Yakar A: Femtosecond laser nanoablation of glass in the
near-field of single wall carbon nanotube bundles. J Phys D Appl Phys
2008, 41:185306.
41. Lednev VN, Pershin SM, Obraztsova ED, Kudryashov SI, Bunkin AF:
Single-shot and single-spot measurement of laser ablation threshold for
carbon nanotubes. J Phys D Appl Phys 2013, 46:052002.
42. Reitze D, Ahn H, Downer M: Optical properties of liquid carbon measured
by femtosecond spectroscopy. Phys Rev B 1992, 45:2677.
43. Roberts A, Cormode D, Reynolds C, Newhouse-Illige T, Le Roy BJ,
Sandhu AS: Response of graphene to femtosecond high-intensity laser
irradiation. Appl Phys Lett 2011, 99:051912–051913.
Labunov et al. Nanoscale Research Letters 2013, 8:375 Page 10 of 10
http://www.nanoscalereslett.com/content/8/1/37544. Gamaly E, Luther-Davies B, Kolev V, Madsen N, Duering M, Rode A:
Ablation of metals with picosecond laser pulses: evidence of long-lived
non-equilibrium surface states. Laser Part Beams 2005, 23:167–176.
45. Hirayama Y, Atanasov P, Obara M, Nedialkov N, Imamova S: Femtosecond
laser ablation of crystalline iron: experimental investigation and
molecular dynamics simulation. Jpn J Appl Phys 2006, 45:792.
46. Gamaly E, Rode A, Luther-Davies B, Tikhonchuk V: Ablation of solids by
femtosecond lasers: ablation mechanism and ablation thresholds for
metals and dielectrics. Phys Plasmas 2002, 9:949.
47. Jeschke HO, Garcia ME, Bennemann K: Theory for the ultrafast ablation of
graphite films. Phys Rev Lett 2001, 87:15003.
48. Jeschke HO, Garcia ME: Theoretical description of the ultrafast ablation of
diamond and graphite: dependence of thresholds on pulse duration.
Appl Surf Sci 2002, 197:107–113.
49. Eliezer S, Eliaz N, Grossman E, Fisher D, Gouzman I, Henis Z, Pecker S,
Horovitz Y, Fraenkel M, Maman S: Nanoparticles and nanotubes induced
by femtosecond lasers. Laser Part Beams 2005, 23:15–19.
doi:10.1186/1556-276X-8-375
Cite this article as: Labunov et al.: Femtosecond laser modification of an
array of vertically aligned carbon nanotubes intercalated with Fe phase
nanoparticles. Nanoscale Research Letters 2013 8:375.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
